Current or past brine hydrologic activity on Mars may provide suitable conditions for the formation of amorphous ferric sulfates. Once formed, these phases would likely be stable under current Martian conditions, particularly at low-to mid-latitudes. Therefore, we consider amorphous iron sulfates (AIS) as possible components of Martian surface materials. Laboratory AIS were created through multiple synthesis routes and characterized with total X-ray scattering, thermogravimetric analysis, scanning electron microscopy, visible/near-infrared (VNIR), thermal infrared (TIR), and Mössbauer techniques. We synthesized amorphous ferric sulfates (Fe(III) 2 (SO 4 ) 3 ·~6-8H 2 O) from sulfate-saturated fluids via vacuum dehydration or exposure to low relative humidity (<11%). Amorphous ferrous sulfate (Fe(II)SO 4 ·~1H 2 O) was synthesized via vacuum dehydration of melanterite. All AIS lack structural order beyond 11 Å. The short-range (<5 Å) structural characteristics of amorphous ferric sulfates resemble all crystalline reference compounds; structural characteristics for the amorphous ferrous sulfate are similar to but distinct from both rozenite and szomolnokite. VNIR and TIR spectral data for all AIS display broad, muted features consistent with structural disorder and are spectrally distinct from all crystalline sulfates considered for comparison. Mössbauer spectra are also distinct from crystalline phase spectra available for comparison. AIS should be distinguishable from crystalline sulfates based on the position of their Fe-related absorptions in the visible range and their spectral characteristics in the TIR. In the NIR, bands associated with hydration at~1.4 and 1.9 μm are significantly broadened, which greatly reduces their detectability in soil mixtures. AIS may contribute to the amorphous fraction of soils measured by the Curiosity rover.
Introduction
A preponderance of evidence from recent orbital and landed missions points to the existence of hydrated sulfate phases on the Martian surface [Johnson et al., 2007; Lane et al., 2004 Lane et al., , 2008 Lichtenberg et al., 2010; Milliken et al., 2009; Roach et al., 2009 Roach et al., , 2010a Roach et al., , 2010b Wang et al., 2013] . Some of those phases are likely hydrated iron sulfates [Bishop et al., 2009; Johnson et al., 2007; Karunatillake et al., 2014; Lane et al., 2004 Lane et al., , 2008 Lichtenberg et al., 2010; Milliken and Bish, 2010; Roach et al., 2010a; Wang et al., 2013; Wiseman et al., 2010; Wray et al., 2011] . Because iron sulfate structure and stability (including amorphous phases) are dependent upon relative humidity, temperature, fluid chemistry, and parent phases [Xu et al., 2009] , identification of specific iron sulfate phases has important implications for both surficial and atmospheric processes on Mars. The spectral characteristics of crystalline iron sulfates have been well characterized [Cloutis et al., 2006; Crowley et al., 2003; Dyar et al., 2013; Lane, 2007; Lane et al., 2015; Majzlan and Michallik, 2007; Majzlan et al., 2005; Wang et al., 2009] ; however, limited work has been done to characterize the spectral, morphological, and structural characteristics of amorphous ferric and ferrous sulfate phases [Burgina et al., 1996; Lazaroff et al., 1982 Lazaroff et al., , 1985 Lazaroff et al., , 1998 Margulis et al., 1975 Margulis et al., , 1976 . As described below, amorphous sulfate phases may be important components of Martian soils.
Poorly crystalline but not fully amorphous sulfates have also been formed/observed in a variety of experimental studies. Wang and Ling [2011] report a "quasi-amorphous" phase made through vacuum dehydration of ferricopiapite, but this phase exhibited numerous XRD peaks indicating retention of some long-range crystalline structure. "Poorly crystalline sulfates" have also been observed in alteration assemblages during acid fog weathering of basalt [Golden et al., 2005; Tosca et al., 2004] . Structurally "disordered" Mg sulfate was generated from flash-freezing Mg sulfate brines [McCord et al., 2002] . Metastable "amorphous" hydroxysulfates (reported as either Fe 4 (SO 4 ) 2 (OH) 10 [Burgina et al., 1996] or 2Fe 2 O 3 · SO 3 · XH 2 O [Lazaroff et al., 1982 [Lazaroff et al., , 1985 [Lazaroff et al., , 1998 Margulis et al., 1975 Margulis et al., , 1976 ) have been formed through the hydrolysis of Fe 2 (SO 4 ) 3 solutions [Burgina et al., 1996; Margulis et al., 1975 Margulis et al., , 1976 and as a by-product of iron oxidation by Thiobacillus Ferrooxidans [Lazaroff et al., 1982 [Lazaroff et al., , 1985 [Lazaroff et al., , 1998 ]. It is unclear from the literature if these are, in fact, the same compound. The compound produced by hydrolysis may simply be aggregates of tetramers [Burgina et al., 1996] , but the biogenic by-product is a fibrous polymer [Lazaroff et al., 1982 [Lazaroff et al., , 1985 [Lazaroff et al., , 1998 ] and may be a major constituent of acid mine drainage sediments [Bigham et al., 1990] . The detailed investigation by Bigham et al. [1990] , however, showed that both formation mechanisms produce products that are merely poorly crystalline at the resolution of XRD, with a structure similar to the hydroxide akaganéite, and are thus not included in this study.
The recent discovery of a phenomenon known as recurring slope lineae [McEwen et al., 2011] points to an active present-day brine hydrologic cycle on Mars [Altheide et al., 2009; Chevrier and Altheide, 2008; Martinez and Renno, 2013; Masse et al., 2014; McEwen et al., 2011] that could create conditions appropriate for the formation of amorphous sulfates on the surface. Several salts that are present on Mars [Gendrin et al., 2005; Squyres et al., 2004; Wang et al., 2006b] create brines with eutectics below the freezing point of pure water [Altheide et al., 2009; Brass, 1980; Chevrier and Altheide, 2008; Marion et al., 2003; Mohlmann and Thomsen, 2011; Sears and Chittenden, 2005] . Brines can form any time the relative humidity of the atmosphere is above the deliquescence relative humidity of the salt. These brines are more stable in the subsurface because the RH is likely higher [Wang et al., 2012 , and the upper soil layer protects against evaporation [Chevrier et al., 2007; Chevrier and Altheide, 2008] . However, these fluids will be subject to boiling if the atmospheric vapor pressure is below the saturation vapor pressure of the fluid and will be subject to evaporation any time the partial pressure of H 2 O is below the saturation water vapor pressure for the fluid [Martinez and Renno, 2013] . On the surface, they are stable for only short periods of time and would likely boil or evaporate rapidly depending on latitude [Chevrier and Altheide, 2008] . Considering the experimental studies described above, we suggest that both of these phenomena (boiling or evaporation) could lead to formation of amorphous sulfates on Mars.
The stability of these amorphous phases, once formed, depends on RH and temperature conditions. A series of studies by A. Wang and collaborators and W. Xu and collaborators have investigated the phase transitions and stability of sulfate phases at Mars relevant temperatures and pressures. [Chou et al., 2013; Kong et al., 2011a Kong et al., , 2011b Ling and Wang, 2010; Wang and Ling, 2011; Wang et al., 2006a Wang et al., , 2009 Wang et al., , 2012 Wang et al., , 2013 . For example, when solid amorphous ferric sulfates are kept at RH < 11% and 5°C, they will remain amorphous for at least 4 years (the length of the longest-term experiments) [Wang et al., 2012] . Increasing the temperature to 21°C causes the stability field for the amorphous phase to shift to lower relative humidity (RH < 6%). Increasing relative humidity to 33% RH at 5°C causes the amorphous solid to increase its structural water content without immediately crystallizing, varying from 5 to 11 structural waters [Wang et al., 2012] . These studies imply that if amorphous ferric sulfates were to form on the surface of Mars, they may be able to persist as amorphous phases, enduring the diurnal RH fluctuations without crystallizing.
Although several previous studies have established the stability fields of sulfate systems under terrestrial and Martian conditions [King and McSween, 2005; King et al., 2004; Shepard and Helfenstein, 2007; Vaniman and Chipera, 2006; Vaniman et al., 2004; Wang et al., 2006a Wang et al., , 2009 Wang et al., , 2012 Wang et al., , 2013 Xu and Parise, 2012; Xu et al., 2009] , and the spectral characteristics of crystalline sulfates are well documented [Cloutis et al., 2006; Lane, 2007; Lane et al., 2015] , limited work has been done to characterize the amorphous phases [Vaniman and Chipera, 2006; Vaniman et al., 2004] . Here we report the morphological and spectroscopic characteristics of amorphous ferric and ferrous iron sulfates so that these observations can be added to spectral libraries to which we compare remotely acquired data. Accurate identification of these phases is critical for characterizing fluid compositions and conditions that produced hydrated phases on Mars, as well as the subsequent environmental conditions that may have modified crystalline sulfates.
Methods
For this work, amorphous ferric iron sulfates were synthesized from two starting materials: first using unaltered Acros Organics 97% Fe(III) 2 (SO 4 ) 3 · 5H 2 O (batch report shows 22.9% Fe, <0.01% HCl insoluble matter, <5 ppm As, 5 ppm Cu, <200 ppm Fe 2+ , 18 ppm Zn, <50 ppm Cl, <200 ppm NO 3 , <30 ppm PO 4 , and 0.03% SO 4 ), identified by XRD to be the monoclinic phase lausenite (Fe(III) 2 (SO 4 ) 3 · 6H 2 O); second by heating the Acros starting material for 2 h at 350°C to form the anhydrous trigonal phase mikasaite (Fe(III) 2 (SO 4 ) 3 ; confirmed by XRD) [Xu et al., 2009] . Although the starting material only reports 97% purity, additional experiments were performed with Alfa Aesar Puratronic (99.998%) ferric sulfate starting material (results not shown) and all spectral results were found to be identical, indicating none of the spectral features come from the impurities within the sample. Results for the Puratronic material are not reported because it was not a naturally occurring sulfate phase.
Both starting materials were placed in enclosures maintained at 92% relative humidity (RH) at ambient temperature (confirmed by RH probe), using de-ionized water as a humidity buffer. Once deliquesced, the materials were dehydrated via two methods: either by using low RH (11% by LiCl buffer) [Xu et al., 2009] or by vacuum (3 × 10 À2 mbar; Edwards E2M2 vacuum pump attached to an Applied Vacuum Engineering VF range bell jar). Both of these methods simulate the rapid loss of water that brines would likely experience once exposed on the Martian surface; dehydration in low RH simulates evaporation, whereas vacuum desiccation simulates boiling. These samples will be referred to as LV-amorphous, LH-amorphous, MV-amorphous, and MH-amorphous to reflect their starting materials of lausenite (L) and mikasaite (M), as well as their dehydration method of vacuum (V) or humidity buffer (H). Amorphous ferrous sulfate was prepared by vacuum dehydrating melanterite (Alfa Aesar 99 + % iron sulfate heptahydrate; FeSO 4 · 7H 2 O) for 3 days (phase purity confirmed by XRD; when necessary, the reagent was rehydrated in 92% RH chamber before beginning dehydration or analyses and analyses were performed at high relative humidity). This synthesis method was based on a published method for obtaining amorphous Mg sulfate from hexahydrate [Vaniman et al., 2004] .
The materials were confirmed amorphous at the resolution of XRD using a Scintag PAD X powder diffractometer (Cu Kα radiation; 25 mA; 45 kV). Once created, the ferric sulfates were kept at low RH (less than 11%) except during spectral analyses (<20 min). Lack of crystallinity was checked by XRD after each analysis. Because these phases lack long-term stability in Earth's atmosphere [Ling and Wang, 2010; Xu et al., 2009] , the reproducibility of the synthesis methods was confirmed through repeated synthesis and subsequent spectral analysis. This procedure allowed for a fresh sample to be produced for each measurement rather than using the same sample after exposure to ambient and/or experimental conditions. Overlapping measurements were periodically taken to ensure that the above assumption remained valid.
Visible/near-infrared reflectance (VNIR) spectra were collected on an ASD inc. (a PANalytic company) Fieldspec3 Max ultraviolet-visible-near infrared (UV-VIS-NIR) bidirectional spectrometer (referenced to Spectralon; average of 300 scans) in the Vibrational Spectroscopy Laboratory (VSL) at the State University of New York at Stony Brook. When laboratory humidity exceeded 15% (monitored by RH probe), VNIR spectra were collected in an N 2 filled glove bag. Spectral emissivity measurements, also taken at VSL, were acquired on a Nicolet 6700 Fourier transform infrared (FTIR) spectrometer custom modified to collect emitted energy. Spectra were acquired in a dry air purged chamber and calibrated using blackbody targets at two different temperatures [Ruff et al., 1997] . Spectra were only collected when laboratory humidity was less than 15% (melanterite, which is only stable at high relative humidity was the exception and was analyzed on a humid day). To avoid phase changes that could occur upon heating, the samples were cooled and held at À10°C, approximately 30°below the room temperature detector temperature (rather than heated above detector temperature), to achieve adequate signal-to-noise for spectral measurement [Baldridge and Christensen, 2009] . Spectral emissivity measurements were taken on both powders and pressed pellets. Pellet measurements minimize spectral contributions from volume scattering [Salisbury and Wald, 1992] . To ensure that the pressure (3.5 t) did not introduce crystallinity, XRD patterns were collected from the pellets before and after emissivity measurements and compared to those for fresh, powdered samples. Thermogravimetric analysis (TGA), using a Netzsch STA Jupiter simultaneous TG-DSC apparatus, was used to determine sample H 2 O contents (standard error calculated at 0.1%). Scanning Electron Microscopy (SEM) was used to image sample morphologies.
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Synchrotron X-ray total scattering data were collected at beamline 11-ID-B at the Advanced Photon Source, Argonne National Laboratory, using a monochromatic X-ray beam (∼58 keV, λ = 0.2127 Å) of approximately 500 μm diameter. Samples were loaded into Kapton capillaries, approximately 1 mm in diameter. The total scattering experiment is well described by Billinge and Kanatzidis [2004] and Reeder and Michel [2013] . Briefly, the total scattering experiment refers to the collection of both the elastic Bragg and the diffuse scattering components from a sample subjected to X-ray radiation. Total scattering experiments using conventional X-ray sources are of limited value for two reasons: first, the real space resolution is proportional to the range of angles over which data can be collected, which is, in turn, dependent upon the energy of the X-rays; and second, the intensity of the diffuse component is much less intense than the Bragg component, requiring higher photon fluxes for adequate signal. The high-energy synchrotron X-ray source allows measurements to be made to a much higher scattering angle and provides greatly increased flux, compared to a conventional source. After the scattering data are normalized and corrected for instrumental factors, the reduced structure function is Fourier transformed to give the pair distribution function (PDF), which is the distribution of interatomic distances of the material weighted by the scattering power of the atoms. The PDF provides direct structural information over a range of length scales, for crystalline and amorphous solids.
Mössbauer spectra were collected at Mount Holyoke College on a Web Research Co. (now See Co.) W100 spectrometer using a~80 mCi 57 Co source in rhodium. Spectra were calibrated to α-Fe foil. Run times ranged from 2 to 12 h. Mössbauer data were fit using Mexfieldd, a program provided by E. DeGrave at the University of Ghent, Belgium. The program solves the full hyperfine interaction Hamiltonian to fit Lorentzian doublets to the spectral data with isomer shift (δ), quadrupole splitting (Δ), and full width at half maximum (Γ) as free parameters [Degrave and Vanalboom, 1991; Vandenberghe et al., 1994] .
Results
General Observations
When precipitated in low humidity or under vacuum, and processed in a low humidity environment after synthesis, amorphous ferric sulfates form as amber-colored, translucent solids that grind into fine, ocherwhite powders (Figure 1 ). X-ray diffraction patterns of the solids and powders lack sharp peaks and display only a slight swell in the baseline centered around 26°2θ ( Figure 2 ). Therefore, both the solid and powdered forms can be designated XRD amorphous. Upon dehydration, ferrous sulfates transform into a silky gray powder, the grains of which maintain the shape of the crystals from which they formed ( Figure 3 ). The ferrous sulfates display a similar XRD pattern with a swell centered around 29°2θ and thus is also designated XRD amorphous ( Figure 2 ). Although extensive stability studies have not been performed for the purpose of Journal of Geophysical Research: Planets 10.1002/2014JE004784 this work, as such studies have been reported elsewhere [e.g., Wang et al., 2012] , a few general stability trends for the amorphous ferrous and ferric sulfates can be noted. The amorphous ferrous sulfates are less stable than the amorphous ferric sulfates under ambient conditions. Upon exposure to ambient temperatures (~23°C) and 14% RH, amorphous ferrous sulfates begin to turn from silver to gray over the course of 24 h and begin to show the emergence of sharp peaks in the XRD pattern after 48 h. The amorphous ferric sulfates, on the other hand, remain XRD amorphous for days, slowly taking on a surface coating of liquid water before finally beginning to crystallize. Under ambient temperatures (~23°C) and 35-55%RH, the amorphous ferrous sulfates begin to crystallize within minutes and the amorphous ferric sulfates within hours to a day, but amorphous ferric sulfates always form a surface coating of liquid water before crystallizing.
Morphology, Hydration State, and Range of Structural Order
SEM investigations show that the amorphous ferric sulfates display conchoidal fracture ( Figure 4 ). SEM micrographs of the amorphous ferrous sulfate show that the crystals of melanterite have thin lamellar separation, yet they remain intact ( Figure 5 , left). Magnification shows that the microstructure appears to be sheets, which break into platelets when ground (Figure 5, right) . This fracture pattern is consistent with melanterite's structure, which consists of isolated octahedra and tetrahedra connected through hydrogen bonding to the structural waters in alternating layers. The rapid dehydration appears to separate some of the layers.
TGA data (included as supporting information) were acquired to determine the number of structural waters of the amorphous samples and to provide normalization for PDF analysis (section 2.0). The TGA curves for the amorphous ferric sulfate samples show a gradual weight loss to~150°C followed by a steeper loss to~200°C. The slope of the TGA curves becomes gradual again by 250°C. This is interpreted as the loss of loosely bound and adsorbed water followed by the loss of structural water [Knowlton et al., 1981] . The TGA curve for the amorphous ferrous sulfate sample is almost level to~133°C followed by a steep decrease to~250°C, after which the slope becomes gradual again. This is interpreted as the loss of structural water from a single energetic environment. Similar TGA curves have been reported for other iron sulfates [McAdam et al., 2014] . At 250°C, the amorphous ferric sulfates had transformed into mikasaite, and amorphous ferrous Figure 6 shows the PDF for MV-amorphous sulfate overlaid on those of crystalline sulfates: ferricopiapite, lausenite, and mikasaite, for reference. Lausenite is the Acros reagent and mikasaite and ferricopiapite were synthesized from lausenite as part of this study. The corresponding reduced structure functions, Q(S(Q)-1), are shown in supporting information. The PDFs for the two crystalline phases display sharp peaks that extend beyond 50 Å ( Figure 6 , top), indicating that atom pair correlations exceed unit cell size. This type of PDF pattern is consistent with long-range structural order. The overall damping of peak intensity with increasing distance is characteristic of the experimental method, resulting from Although SEM cannot provide sufficient resolution to definitively demonstrate that particle size is not on the order of 1 nm, the smooth surfaces seen in the SEM images ( Figure 4 ) strongly suggest that particle size does not limit the length scale of pair correlations in the PDF to 10 Å. And while it is possible that aggregates could appear smooth at the resolution of SEM, it seems unlikely that no textural effects would be observed. Hence, the PDF results confirm the presence of short-and medium-range order (as represented by the peaks at low r) and the absence of long-range order, characteristic of amorphous solids.
It is notable that peaks in the amorphous ferric sample at~4.3 Å and lower coincide in position with those of the crystalline ferric sulfates but of slightly lower intensity. These peaks correspond to the S-O bond in the sulfate group at~1.48 Å, the first-shell Fe-O bond at~2.00 Å, and the Fe-S distance corresponding to corner-shared SO 4 tetrahedra and Fe(III) octahedra at 3.2-3.3 Å [cf. Majzlan et al., 2006 ]. The composite peak centered at 4.2 Å corresponds to the distribution of Fe-O distances to corners of sulfate tetrahedra [cf. Majzlan et al., 2006] . The correspondence of these distances to those in crystalline phases is not surprising, given that coordination between Fe(III) octahedra and sulfate tetrahedra is exclusively corner sharing in known mineral structures [Hawthorne et al., 2000] . The lack of correspondence for the peaks at higher r reflects the different arrangements of Fe polyhedra when ordered (in the crystalline phases) as opposed to disordered in the amorphous phase.
The PDFs for all four of the amorphous ferric samples are compared in Figure 7 . The PDF for all four samples are similar, indicating that these samples share the same short-and medium-range structure and that they are all amorphous. Thus, different pathways in the formation of amorphous ferric sulfate lead to the same local structure.
The PDF for the amorphous ferrous sulfate sample is shown in Figure 8 overlaid on those for crystalline reference compounds szomolnokite and rozenite. Again, the PDFs for the crystalline phases show sharp peaks that extend beyond 50 Å, but the amorphous sample displays no peaks past~11 Å (Figure 8 , bottom), indicating that the amorphous ferrous sulfate lacks long-range structural order. Because SEM imaging for this sample also suggests that the particle size is larger than 11 Å, the PDF for the amorphous ferrous sulfate also indicates that it is an amorphous solid. The amorphous ferrous sulfate appears to have short-range order (<4 Å) that is similar to, yet distinct from, both szomolnokite and rozenite, specifically in the first shell Fe-O distance and in the region near 4 Å where second shell Fe-O distances occur in szomolnokite (this correlation occurs at greater distances in rozenite) (Figure 8 , bottom). The amorphous ferrous sulfate Journal of Geophysical Research: Planets 10.1002/2014JE004784 is distinct from both, indicating that the arrangement of even these basic structural units may be different from those in the crystalline phases.
VNIR Spectroscopic Observations
VNIR spectra of amorphous sulfate samples are plotted along with several common sulfates in Figures 9, 11 , and 12. The reference minerals were chosen to be the same as those used by Cloutis et al. [2008] in their study of sulfates at Mars-relevant temperatures and pressures. Also included are samples from Lane et al. [2015] that are spectrally similar to the amorphous ferric sulfate samples throughout this wavelength range. These reference samples have been investigated in detail in Cloutis et al. [2006 Cloutis et al. [ , 2008 , Lane [2007] , and Lane et al. [2004 Lane et al. [ , 2008 Lane et al. [ , 2015 . The VNIR range for the ferric sulfates has been split into two regions: visible (VIS) (0.35-1.0 μm) and short wave infrared (SWIR) (0.90-2.5 μm) for easier visualization and discussion of electronic and vibrational features.
Amorphous Fe 3+ Sulfates
In crystalline, Fe 3+ -bearing minerals, absorptions due to spin-forbidden crystal field transitions of Fe 3+ , are observed between 0.3 and 1 μm ( Figure 9 ). When Fe 3+ is linked through an oxygen or hydroxyl group, spin polarization and magnetic coupling remove degeneracy and lead to three common transitions: 6 A 1g -( 4 A 1g , 4 E g ), 6 A 1g -4 T 2g , and 6 A 1g -4 T 1g [Cloutis et al., 2006; Rossman, 1975] . In iron sulfates, these occur at~0.43 μm, 0.5-0.6 μm, and 0.8-0.9 μm, respectively [Cloutis et al., 2006] , where oxo-bridged iron leads to deeper features than hydroxo-bridged iron [Cloutis et al., 2006; Sherman and Waite, 1985] . The shape and position of these features relate to the distortion of the iron octahedra in the minerals [Burns, 1993; Frost et al., 2005] . Through this wavelength range (~0.3-1.0 μm), the amorphous ferric sulfate sample spectra are distinct from the reference (crystalline sample) spectra. The absorptions due to Fe 3+ spin-forbidden crystal field transitions are listed in Table 1 along with those values for et al. [2015] . Noting that the position of the 6 A1 g -( 4 A 1g , 4 E g ) of all the ferric sulfates are similar, the 6 A 1g -4 T 2g and the 6 A 1g -4 T 1g absorptions can be plotted in two dimensions to clarify the distinction in amorphous versus crystalline sample energies ( Figure 10 ). It is clear from Figures 9 and 10 and Table 1 that the amorphous ferric sulfate absorption energies are very similar to coquimbite through the VIS. However, this trend does not continue into the SWIR (Figure 11) , and both the absorption depths and overall spectral shape make the two minerals differentiable in the VIS.
In the SWIR wavelength region (Figure 11) [Cloutis et al., 2006] . Spectrally, the amorphous ferric sulfates appear similar to other polyhydrated sulfate species reported by Gendrin et al. [2005] , with broad, muted absorptions related to H 2 O vibrational combination and overtone modes and S-O vibrational overtones. They have broad reflectance maxima at 1.14 μm, similar to ferricopiapite, and they also display weak doublets at 1.45 and 1.47 μm, broad absorptions at 1.73-1.77 μm, and broad, asymmetrical and strong absorptions centered at 1.95 μm. These samples lack distinct absorptions in the 2.0-2.4 μm region. The amorphous ferric sulfate spectra also show decreasing reflectance toward longer wavelengths (blue slope) past~1.43 μm. The broadening and smearing of H 2 O and OH features in materials is often seen when there is structural disorder or where there are many nonequivalent water sites. In these cases, the sloping spectrum indicates the overlap of a large number of H 2 O and OH features [Hunt, 1977] . Among the synthesized amorphous samples measured, the slopes and positions of the absorptions through the SWIR are most similar to those in the reference spectra for (ferri)copiapite. Although all of the amorphous ferric sulfate samples share common features with many other sulfates, they do appear spectrally unique. The broad, smooth, and asymmetrical nature of the 1.9 μm hydration feature followed by the flat region spanning from 2.15 to 2.28 μm, the position and shape of the poorly defined 1.4 μm water feature, and the strong blue slope from 1.4 to 2.5 μm can be used to distinguish the amorphous sulfates from crystalline sulfate phases.
Amorphous Fe 2+ Sulfate
The VNIR spectrum of the amorphous ferrous sulfate sample is shown in Figure 12 . Unlike the amorphous ferric sulfates, the amorphous ferrous sulfate is dissimilar from common crystalline phases to which it is compared. It displays a reflectance maximum at 0.66 μm, a broad absorption at~1.08 μm due to Fe 2+ spin-allowed, crystal field transitions [Crowley et al., 2003] , and water combination bands at~1.46 and [2006, 2008] , Lane [2007] , and Lane et al. [2004 Lane et al. [ , 2008 Lane et al. [ , 2015 and are investigated in detail in those publications. Spectra are offset for clarity. Average positions of absorptions for the amorphous sulfates are shown with vertical lines.
Journal of Geophysical Research: Planets 10.1002/2014JE004784 ~1.95 μm. Although the water features are similar in position to those in melanterite, the amorphous sample displays only one iron absorption at 1.08 μm rather than the two seen in szomolnokite (~0.94 μm and~1.33 μm), rozenite (~1.0 μm and~1.2 μm), and melanterite (~0.88 μm and~1.11 μm). Because the presence of the second Fe 2+ crystal field absorption is caused by a distortion in the symmetry of the iron octahedral site [Hunt, 1977] , the absence of a second absorption in the amorphous ferrous sulfate could indicate that the iron octahedra in the amorphous sulfate are less distorted than those in the crystalline sulfates.
MIR Emissivity Spectroscopic Observations
MIR emissivity spectra of iron sulfates are dominated by absorptions due to S-O vibrations in sulfate tetrahedra. The free sulfate anion has four vibrational modes: an asymmetric S-O stretch (ν 3 ; 1105 cm À1 ), a symmetric S-O stretch (ν 1 ; 983cm À1 ), an asymmetric S-O-S bend (ν 4 ; 611 cm À1 ), and a symmetric S-O-S bend (ν 2 ; 450 cm À1 ) [Lane, 2007; Nakamoto, 1986] . In a free or undistorted sulfate polyhedron, only ν 3 and ν 4 are IR active, but when the sulfate anion is in a structure, it often distorts such that absorptions due to ν 1 and ν 2 are also visible. These distortions also affect the energy of the absorptions, making the MIR emissivity spectrum diagnostic [Lane, 2007] . Vibrational modes of the synthesized amorphous sulfates were assigned based on the similarity between the absorptions in the experimental spectrum and those reported for crystalline sulfates in Lane [2007] and Lane et al. [2015] .
Amorphous Fe 3+ Sulfates
Emissivity spectra of pressed pellets of the amorphous ferric sulfates are plotted in Figure 13 along with emissivity spectra of pressed pellets of the Acros starting Journal of Geophysical Research: Planets 10.1002/2014JE004784 material (XRD match to lausenite), the heated starting material (mikasaite), and a selection of crystalline ferric sulfates for which there were emissivity data from Lane [2007] and Lane et al. [2015] . Reference samples for the VNIR and MIR ranges are generally the same except for the absence of fibroferrite emissivity data and the inclusion of that for jarosite. Additional Fe 2+ -bearing minerals were considered from those reported in Lane et al. [2015] , like voltaite, römerite, and botryogen, but none of these minerals resemble the amorphous ferrous sulfate in the VNIR and were, therefore, not included in this paper. The amorphous ferric sulfates are all very similar, displaying three overlapping ν 3 bands at approximately 1203, 1112, and 1025 cm À1 , one ν 1 band at 989 cm À1 , two ν 4 bands at 650 and 588 cm À1 , and a ν 2 absorption around 455 cm À1 (denoted with vertical lines in Figure 13 ). The lowfrequency ν 3 absorption and the ν 1 absorption are smoothed together in the vacuum dehydrated samples, whereas they are more distinct in the desiccated samples.
Based on the chemical formula and hydration state of the amorphous ferric samples (~6-8H 2 O), the closest crystalline counterparts in Figure 13 are the Acros starting material (lausenite, Fe(III) 2 (SO 4 ) 3 · 6H 2 O, "ACR"), kornelite (Fe(III) 2 (SO 4 ) 3 · 7H 2 O), and (para)coquimbite (Fe(III) 2 (SO 4 ) 3 · 9H 2 O). And although the amorphous ferric sulfate emissivity spectra do share similarities with the spectra for those three minerals, they are not a match through the whole frequency range, and the amorphous samples share features with many of the other minerals as well. The closest match in the reference samples considered is (para)butlerite VZO108 [Lane et al., 2015] , indicating that the energetic configuration of the sulfate anion in that sample may be similar to that for the amorphous ferric sulfates. However, the amorphous ferric sulfates are distinguishable from (para)butlerite through the shape of the band envelopes and the position of the ν 2 absorption at 455 cm À1 .
Amorphous Fe 2+ Sulfates
An emissivity spectrum of a pressed pellet of the amorphous ferrous sulfate is plotted in Figure 14 along with emissivity spectra of pressed pellets of the melanterite starting material, rozenite, and szomolnokite. The szomolnokite reference sample is investigated in detail in Lane et al. [2015] and the rozenite reference sample is investigated in detail in Bishop et al. [2005] and Lane et al. [2015] . The amorphous ferrous sulfate displays two deep ν 3 bands at 1135 and~1062 cm À1 , one ν 1 band at 970 cm À1 , one ν 4 band at 592 cm À1 with a shoulder at~650 cm À1 , and two ν 2 bands at 455 and 441 cm À1 . These band positions are distinct from those of other ferrous sulfates. Based on chemical formula and hydration state, the closest crystalline counterpart to the amorphous ferrous sulfate is szomolnokite (FeSO 4 · H 2 O). Though the general ν 3 band envelope of the amorphous phase overlaps with szomolnokite, the specific band center positions are significantly shifted for all stretching and bending modes.
Mössbauer Spectroscopic Observations 3.5.1. Amorphous Fe 3+ Sulfates
Mössbauer spectra of the amorphous ferric sulfates are shown in Figure 15 , and the fit parameters are listed in Table 2 . The spectra for the amorphous sulfates synthesized by all four formation pathways are similar. They subequal parts of coquimbite and paracoquimbite) Acros (ACR) starting material (XRD match to lausenite), kornelite (korn) ML-S105 (<45 μm), mikasaite (mik; the heated starting material), and butlerite (but) C5534 (<45 μm). Reference samples are from Cloutis et al. [2006 Cloutis et al. [ , 2008 ; Lane [2007] , and Lane et al. [2004 Lane et al. [ , 2008 Lane et al. [ , 2015 and are investigated in detail in those publications. Spectra are offset for clarity. Average positions of absorptions for the amorphous sulfates are shown with vertical lines.
Journal of
can all be fit with a single ferric doublet with an isomer shift of 0.44-0.45 mm/s, typical for ferric sulfates [Dyar et al., 2013] ( Table 2 ). The quadrupole splitting (Δ) values show more variation, with Δ for the hydration-dehydration samples ranging from 0.33-0.34 mm/s and Δ for the hydration-vacuum samples of 0.39 mm/s. The increase in quadrupole splitting for the vacuum-dehydrated samples indicates an increased distortion in the coordination polyhedron surrounding iron in those samples [Burns and Solberg, 1990; Dyar et al., 2013 ]. An extensive study of the Mössbauer parameters of sulfates by Dyar et al. [2013] allows for the comparison of these values to those for many common sulfates ( Figure 16 ). The amorphous ferric sulfate doublet is most similar to a doublet in (ferri)copiapite, halotrichite, voltaite, and römerite, which represent one of multiple nonequivalent iron sites in those minerals.
Amorphous Fe 2+ Sulfates
The fitted Mössbauer spectrum for the amorphous ferrous sulfate is shown in Figure 17 , and the fit parameters are listed in Table 2 . The Mössbauer spectrum of the amorphous ferrous sulfate bears no similarity to any ferrous sulfate presented in the comprehensive study of iron sulfates by Dyar et al. [2013] ( Figure 18 ). It can be fit with three overlapping doublets, all with isomer shift of 1.28-1.29 mm/s and quadrupole splitting values of 1.62, 2.24, and 2.73 mm/s. A distribution of doublets like this can indicate a range of nonequivalent sites, and the exact position of each doublet may not be conclusive for site identification purposes [Eckert, 1987] . However, it is worth noting that the doublet with the highestvelocity Δ value is a close match for that of several ferrous sulfates (Figure 18 ).
VNIR and MIR Characterization of Basalt-Amorphous Ferric Sulfate Mixtures
Because the amorphous ferric sulfates are formed through the dehydration of solutions, it is possible for them to form as cementing coatings on grains and as alteration products of deliquesced surface material.
Here several experiments were performed where~0.38 g of amorphous ferric sulfate was precipitated onto 0.50 g of terrestrial flood basalt sands (Wards Columbia River Plateau basalt; <63 μm grains; Figure 19 , left inset). Optically, the amorphous ferric sulfates redden the surface of the basalt sands and the coated grains grind into a fine powder, visually similar to the ground unaltered basalt (Figure 19 ). When ground, it is expected that the sulfate and basalt act as an intimate mixture rather than individual-coated basalt grains because the sulfate is much softer than the basalt and would grind more readily. The spectra, however, are dominated by the spectrally opaque basalt rather than the sulfate (Figures 20 and 21) ; in particular, the 1.4 μm absorption is no longer visible, and the 1.9 and 2.5 μm absorptions are significantly dampened. Although the detection of these sulfates is clearly possible in the VNIR range, the discrimination of them from other polyhydrated phases may be challenging due to the spectral dominance of the basalt. In the MIR range, the presence of amorphous sulfate in a basalt mixture is most clearly observed in the spectral range between~300 and 650 cm À1 ; however, in general, the emissivity spectrum of the coated material is similar to that of the unaltered basalt.
Recently, Masse et al. [2014] investigated the spectral effects of coating basalts in brines at Mars relevant pressures and temperatures and tracked the spectral changes with dehydration. Although they started with anhydrous ferric sulfate, after hydrating and then dehydrating they also had a hydrated ferric sulfate species spectrally mixed with their basalt. We note that our basalt-amorphous sulfate mixture VNIR ) plotted with melanterite reagent (mel; phase confirmed by XRD directly prior to and after analysis), rozenite (roz) JB626B (<125 μm), and szomolnokite (szo) 104276 (<45 μm). The szomolnokite reference sample is investigated in detail in Lane et al. [2015] , and the rozenite reference sample is investigated in detail in Bishop et al. [2005] and Lane et al. [2015] . Spectra are offset for clarity. Figure 6a) . Masse et al. [2014] did not acquire XRD data for their end product, but based on our experiments, it seems possible that the sulfate phase left on their basalt was amorphous and that the amorphous phase is to be expected at Marsrelevant temperatures and pressures.
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Discussion
Structural and Spectral Comparison to Crystalline Iron Sulfates
Each analysis technique used in this study provides different yet complementary information about the sample structures. Mössbauer data provide information about the number of nonequivalent iron sites in the structure, the valence state of iron in those sites, the coordination of iron in those sites (based on the value of the isomer shift), and information about the distortion of those sites (based on the quadrupole splitting value). PDF data provide shortand medium-range structural details through mapping the atomic pair correlations in the structure but require modeling and comparison to reference structures for more complete structural characterization. VIS data provide information pertaining to the energy of the Fe 3+ spinforbidden crystal field transitions [Hunt, 1977] , and because these transitions arise from the magnetic coupling of linked octahedra [Sherman et al., 1982] , they are more sensitive to longer-range structure, specifically along oxo-and hydroxobridged M-ligand units [Rossman, 1975] . Therefore, the VIS data may indicate structural differences not seen at the level of individual octahedra and, therefore, not as readily apparent from the Mössbauer data. Thermal infrared (TIR) absorptions arise from vibrational frequencies associated with molecular bending, stretching, and translation, which are affected by bond lengths and angles. Thus, the TIR data are sensitive to both short-and long-range structures.
Amorphous Fe 3+ Sulfates
The Mössbauer parameters for the amorphous ferric sulfates are very close to those for one of multiple doublets in halotrichite, römerite, voltaite, and (ferri) copiapite (Figure 17) , indicating that the distortion of the coordination polyhedron around Fe 3+ in the amorphous ferric sulfates is likely similar to the distortion in these minerals. In the MIR (Figure 13 ), despite the chemical and hydration state similarity to lausenite, kornelite, and (para)coquimbite, the band envelopes and positions of the ν 3 , ν 1 , and ν 4 absorptions most closely match (para)butlerite (VZO108) from Lane et al. [2015] . While the energetic environment of the sulfate anion is similar to (para) butlerite, the energetic environment of the iron octahedra are clearly distinct, displaying much lower Δ values than those typical for (para)butlerite of 0.96-0.99 mm/s. PDF data (Figures 6 and 7) for the amorphous ferric sulfate samples show these materials only possess structural order to about 10 Å. The short-range order (to~4.5 Å) is similar to all the ferric sulfates, indicating that over those length scales, there are limited energetically favorable configurations (bond lengths) for iron octahedra and sulfate tetrahedra. Past 5 Å, the amorphous samples no longer resemble any of the crystalline reference compounds. The position of the absorptions from the Fe 3+ spin-forbidden crystal field transitions (Figures 9 and 10 ) observed in the VIS data also indicate that the amorphous ferric sulfate samples show römerite (roem) R8415, rhomboclase (rhom) ML-S85, coquimbite (coq) ML-S46, which is subequal parts of coquimbite and paracoquimbite, Acros (ACR) starting material (XRD match to lausenite), kornelite (korn) ML-S105, mikasaite (mik; the heated starting material), and butlerite (but) VZO108. All samples are in the form of pressed powder pellets. Reference samples are from Lane [2007] and Lane et al. [2015] and are investigated in detail in those publications. Spectra are offset for clarity. Average positions of absorptions for the amorphous sulfate are shown with vertical lines.
Journal of Geophysical Research: Planets 10.1002/2014JE004784 distinct longer-range structure. Generally, the absorption from the Fe 3+ 6 A 1g -4 T 1g spin-forbidden transition (Figure 10 , y axis) occurs at higher wavelengths for hydroxo-bridged minerals than for oxo-bridged minerals, with the highest values corresponding to minerals with the most extensive networks of hydroxo-bridged octahedra [Rossman, 1975 [Rossman, , 1976 . The opposite trend can be seen for the absorption from the Fe 3+ 6 A 1g -4 T 2g spin-forbidden transition (Figure 10, x axis) ; here higher values (in wavelength space) correspond to minerals with less extensive octahedral linkages, such that absorption from the hydroxo-bridged dimers in copiapite is greater than that for the hydroxobridged chains of octahedra in botryogen or butlerite [Rossman, 1975 [Rossman, , 1976 . Given these general trends, the amorphous ferric sulfates' VIS absorptions are most consistent with oxo-bridged, clusters-possibly dimers, octahedra that bridge through sulfate groups like coquimbite, or isolated octahedra (with or without bonds to sulfate tetrahedra) like römerite and halotrichite. PDF data on additional ferric sulfates of different base structural units are required for a more complete structural analysis.
Amorphous Fe 2+ Sulfates
The Mössbauer spectrum for the amorphous ferrous sulfate is unlike any crystalline ferrous sulfate reviewed by Dyar et al. [2013] . However, the parameters of the doublet with the highestvelocity Δ are quite close to those for römerite, szomolnokite, and halotrichite ( Figure 18 ). The parameters with the lowest velocity Δ are closest, although not a match, to one doublet in voltaite. Mössbauer parameter similarities are not, however, unique enough to draw structural conclusions in the absence of other evidence [Dyar et al., 2013] . Multiple overlapping doublets in the Mössbauer fit can indicate a range of nonequivalent sites for iron rather than energetically similar but distinct sites. It is interesting, however, that the amorphous ferrous sulfates have a significant doublet with Δ between 1.9 and 2.7 mm/s since no other sulfates investigated by Dyar et al. [2013] have a significant doublet in that range (Figure 18 ).
The VNIR spectrum of the amorphous ferrous sulfate only displays a single absorption from the spin allowed E g → T 2g Fe 2+ crystal field transition ). All samples were in the form of pressed powder pellets. The szomolnokite reference sample is investigated in detail in Lane et al. [2015] , and the rozenite reference sample is investigated in detail in Bishop et al. [2005] and Lane et al. [2015] . Spectra are offset for clarity. Average positions of absorptions for the amorphous sulfate are shown with vertical lines. Figure 12) . Melanterite, rozenite, and szomolnokite all display two absorptions, which are common for minerals where octahedral distortion has caused further splitting of the energy levels [Hunt, 1977] . Although the hydration state of the amorphous ferrous sulfate is closest to szomolnokite, the positions of water-related absorptions through the NIR occur at similar positions to those for rozenite and melanterite but are much shallower than those for the similarly hydrated szomolnokite sample.
As with the Mössbauer and VNIR data, the MIR data support the unique structural nature of the amorphous ferrous sulfate (Figure 14) . The general ν 3 band envelope overlaps with szomolnokite (which has a similar hydration state to the amorphous phase), but features within that envelope, and all other vibrational features throughout the MIR, are significantly shifted from szomolnokite and the other crystalline phases used for comparison. Further work to characterize this structure is currently underway.
The PDF data (Figure 8) for the amorphous ferrous sulfates do show some short-and medium-range (<6 Å) similarities with both szomolnokite and rozenite but also some differences. For instance, the peak attributed to the Fe-O distance is slightly different in all three samples as well as the O-O distances in sulfate. Differences are also evident in the region near 4 Å, where Fe-O distances occur in szomolnokite, but at a greater distance in rozenite. These data, like the Mössbauer, VNIR, and MIR data, suggest that although the local structure of the amorphous ferrous sulfate shares some similarities with the reference compounds, it is certainly not the same. More work is needed to determine the specific short-and medium-range structures for this sample.
Effects of Dehydration Method and Starting Material on Amorphous Phase Characteristics
Based on our experimental investigations and accounts in the literature, amorphous ferric sulfates thus far have only been formed from dehydration of saturated solutions, whereas amorphous ferrous sulfates have only been formed from dehydration of highly hydrated crystalline phases [Wang and Zhou, 2014; Wang et al., 2012; Xu and Parise, 2012; Xu et al., 2009] . Despite current efforts from these experiments and those of other authors [Wang and Zhou, 2014] , amorphous ferrous sulfates have not been successfully precipitated from brines, and they go through crystalline phases (usually rozenite followed by melanterite) before deliquescence.
The starting materials used for synthesis of the amorphous ferric sulfates have Journal of Geophysical Research: Planets 10.1002/2014JE004784 little effect on the structure of the amorphous phase. The observed structural similarities between amorphous samples synthesized from different starting materials are not unexpected because both starting materials deliquesce at 92% relative humidity, producing similar saturated brines. Although the starting material had little effect on the amorphous product, the method of dehydration did have a small influence on the Mössbauer quadrupole-splitting parameter and the MIR emissivity spectra. The vacuum-dehydrated samples have a higher quadrupole-splitting (Δ) value than those dehydrated using buffering salts (section 3.5). The increase in Δ indicates an increase in the distortion of the iron octahedron [Burns and Solberg, 1990; Dyar et al., 2013] . The MIR emissivity spectra also show slight differences due to the method of dehydration. The ν 3 and ν 1 absorptions are smoothed together in the vacuum-dehydrated samples but are better defined in the samples dehydrated using RH buffering salts (section 3.4). In the MIR, broadening features also indicate structural disorder, since a given absorption may occur over a greater range of energies, indicating a range of configurations and coordinations within the solid [Farmer, 1974; Lane, 2007] . The increased disorder for the vacuumed samples, observed in the MIR and Mössbauer data, is likely due to the relative rate of water loss; the vacuumed samples, which dehydrate more quickly, have a greater degree of disorder.
A Case for Amorphous Iron Sulfates on Mars
Recent results from the Mars Science Laboratory's (MSL) analysis of the Rocknest Soil at Gale Crater have added valuable information to our understanding of the Martian surface sediments. The soil at Rocknest was analyzed by ChemMin and SAM (Sample Analysis at Mars) providing XRD and evolved gas analysis (EGA) data. Those analyses, reported in a series of papers by the science team [Archer et al., 2014; Bish et al., 2013; Blake et al., 2013; Dehouck et al., 2014; Leshin et al., 2013; McAdam et al., 2014] , estimated that at least 20 wt % and possibly up to 45 wt % of the Rocknest soil is XRDamorphous material. EGA results showed high levels of evolved H 2 O and SO 2 ; the temperature at which some of the sulfate evolved is consistent with Fe sulfates (too low for Ca and Mg sulfates) [McAdam et al., 2014] , yet no evidence for Fe sulfates, or any hydrated sulfate, was found by ChemMin in the crystalline portion of the Rocknest soil [Bish et al., 2013; McAdam et al., 2014] . Rather, the evolved H 2 O and SO 2 gas (upon heating) likely originated from the XRD amorphous component of the soil [Leshin et al., 2013; McAdam et al., 2014] . McAdam et al. [2014] interpret the iron in the amorphous portion to Figure 17 . Mössbuaer spectrum of amorphous ferrous sulfate taken at 295 K. Three distributions and total fit are overlayed on the spectrum. Figure 18 . Isomer shift versus quadrupole splitting for amorphous ferric sulfates plotted with Fe 2+ sulfate doublets from Dyar et al. [2013] .
Abbreviations are as follows: halotrichite (Hal), paracoquimbite (P-coq), römerite (Roem), szomolnokite (Szo), voltaite (Volt), and amorphous ferrous sulfate doublets 1 (Am1), 2 (Am2), and 3 (Am3). Errors for all data points are the same as those shown for Am2. ), crystalline ferric sulfates would deliquesce. Then, once brought to low relative humidity (e.g., through excavation or brine flow), rapid dehydration would lead to structural disorder, thus forming amorphous ferric sulfates. Their ability to change hydration state without crystallizing increases their potential longevity in the Martian climate. Under the ambient laboratory conditions in State University of New York at Stony Brook's geology department (23°C, 14%RH), the amorphous samples can remain XRD amorphous for several days. The low temperatures of the Martian surface and subsurface would retard the crystallization of these phases, because the activation energy may not be available for a change of structure. Therefore, it is likely that the daily Martian RH fluctuations would result in hydration and dehydration of the amorphous phase but not necessarily induce crystallization. And thus it would be possible for them to become incorporated into the regolith.
More broadly, evidence for a present-day brine hydrologic cycle suggests that amorphous sulfates could be present in soil as brine evaporative products in a more widespread fashion. Ferric sulfate brines have a eutectic temperature of 205 K, which would allow them to form anywhere on the Martian surface and over much of the Martian shallow subsurface [Chevrier and Altheide, 2008; Karunatillake et al., 2009] through processes that bring material from the subsurface to the surface, it is unlikely that we will detect them because amorphous ferrous sulfates are found to oxidize and/or recrystallize quite rapidly.
Globally, water-equivalent hydrogen values as high as 15 wt % at the equator Maurice et al., 2011] have led authors to speculate how that water is stabilized in the shallow subsurface under present Martian conditions. Of the candidate mechanisms, which include subsurface H 2 O ice, adsorbed water on dust, hydrous salts other than sulfates, and moderately to highly hydrated sulfates, only the latter explanation meets the requirements for stability and realistic abundance in the shallow subsurface . In addition, the Mars Odyssey Gamma Ray Spectrometer (GRS) provided H:S ratios that are most consistent with hydrated iron sulfates with between~2.5 and~4 structural waters per sulfate [Karunatillake et al., 2014] . Amorphous ferric sulfates remain consistent with GRS data, as these phases can hold between 1.7 and 3.7 structural waters per sulfate (5-11 waters per Fe 2 (SO 4 ) 3 [Wang et al., 2012] ), although mixtures of higher and lower hydrates are possible.
If these amorphous ferric sulfates were present on Mars at Gale Crater, what percentage of the soil could they account for? Using estimates of H 2 O abundance in Rocknest soils from the SAM instrument (1.5-3.0 wt % H 2 O) [Leshin et al., 2013] , as well as estimates of abundance (30-45 wt %) and the H 2 O-free chemical composition of the amorphous portion of Rocknest [Dehouck et al., 2014, (Table S1 ), assuming that the amount of hydration is similar to that of lausenite (Fe 2 (SO 4 ) 3 · 6H 2 O). Higher hydration states are possible, and the amorphous sulfate could hold up to 11 structural H 2 O [Wang et al., 2012] . However, our calculated abundances are relatively insensitive to hydration state. For example, increasing the hydration from 6 to 8 H 2 O per Fe 2 (SO 4 ) 3 changes the range of bulk abundances from~6.8-9.4 wt % to~6.7-9.3 wt %. Thus, our estimates remain robust within the constraints provided by the MSL data.
The spectral characterizations reported in this study indicate that NIR absorptions associated with amorphous sulfates are muted and broadened compared to their crystalline counterparts (Figures 11, 12, and 20) , and thus could go undetected in remote measurements of intimate soil mixtures, especially at levels below 10 wt % as may be the case for Gale Crater. If present in high concentrations in outcrops or mixed with spectrally transparent materials, however, the spectral details in the VIS, NIR, and MIR ranges should allow them to be distinguished from crystalline sulfates.
Summary and Conclusions
Our ability to accurately interpret the surface mineralogy of Mars is directly dependent upon the breadth of the library to which we compare Martian spectra. Here that library is expanded to include VNIR, MIR emissivity, and Mössbauer spectra of synthetic, amorphous ferric, and ferrous sulfates. We also evaluated the likelihood of these phases being present on Mars, based on our work and synthesis of the literature, and conclude that amorphous ferric phases could be common in Martian soils.
From this work, we have determined the following:
1. Amorphous ferric sulfates, and ferric sulfates in general, exhibit path-dependent transformations.
Although ferrous sulfates can reversibly change hydration states, as well as crystallinity, while remaining solid, amorphous ferric sulfates seem only to result from the rapid dehydration of a fully deliquesced crystalline sulfate or an iron and sulfate-saturated fluid [also see Wang and Ling, 2011] . If amorphous ferric sulfates were discovered on Mars, a combination of hydration, followed by rapid dehydration, would be implied. We thus may be able to use them to place constraints not only on the fluids from which they formed, and surface conditions on Mars at the time of formation, but also atmospheric conditions at the time of formation. 2. Amorphous ferric sulfates only show structural order extending to~10 Å, with short-range structures similar to crystalline ferric sulfates to~4 Å. Amorphous ferric sulfates have Mössbauer parameters similar to one doublet of (ferri)copiapite, voltaite, and halotrichite, indicating similar iron octahedral distortion to one of the sites in those minerals. In the MIR, spectral features are broadened and muted compared to crystalline ferric sulfate phases; however, the positions of the major bands of the amorphous ferric phases coincide closely with those of butlerite, indicating similar energetic environments around sulfate in the two minerals. 3. Amorphous ferric sulfates form spectrally similar products regardless of the starting materials we used; however, subtle spectral differences are observed with different formation pathways. The vacuum dehydrated samples display greater iron site distortion (have a higher velocity Mössbauer Δ), along with a smoothing together of their MIR low-frequency ν 3 absorption and their ν 1 absorption not seen in desiccated samples; this is likely due to the higher speed of water loss associated with the vacuum dehydration method. 4. Visible reflectance spectra show the amorphous ferric sulfates to be distinct from crystalline ferric sulfates based on the position of their spin-forbidden crystal field transition absorptions. The position of those absorptions may indicate that the basic structural units of the amorphous ferric sulfates are oxo-bridged iron octahedral clusters, octahedra connected through sulfate tetrahedral, or isolated octahedral units. 5. The amorphous ferric sulfates display broadened and weakened hydration features in SWIR reflectance spectra. Though similar to other polyhydrated crystalline sulfates in this wavelength range, the amorphous ferric sulfates are spectrally distinct from other ferric sulfates in the spectral library in the region of the 1.9 μm absorption. 6. Amorphous ferrous sulfate lacks structural order beyond~11 Å and has a local structural environment that shares some features with szomolnokite and rozenite but is distinct in other features.
Journal of Geophysical Research: Planets 10.1002/2014JE004784 7. Consistent with structural information obtained from total X-ray scattering data, amorphous ferrous sulfate is spectrally distinct from all other ferrous sulfates available for comparison based on Mössbauer, VNIR, and MIR spectra. The amorphous ferrous sulfate displays one rather than two Fe 2+ spin-allowed crystal field transition absorptions in the VNIR. In the MIR, the ν 3 band envelope overlaps with that of szomolnokite, but features within that envelope are significantly shifted, indicating that the sulfate tetrahedral environment is distinct from that of the reference compounds. 8. Rapid dehydration of Fe(III) 2 (SO 4 ) 3 -saturated fluids leads to formation of amorphous ferric sulfate phases.
This, combined with evidence for a present-day brine hydrologic cycle [e.g., McEwen et al., 2014] , suggests that amorphous sulfates could be present in soil as brine evaporative products. Their ability to change hydration state without crystallizing increases their potential longevity in the Martian climate. Under the ambient laboratory conditions (23°C, 14%RH), the amorphous samples can remain XRD amorphous for several days. We suggest that the low temperatures of the Martian surface and subsurface would further slow the crystallization of these phases. Daily Martian RH fluctuations would result in hydration and dehydration of the amorphous phases but not necessarily induce crystallization. Thus, we conclude that there is a high likelihood that these phases could be incorporated into the Martian regolith. 9. If present in Gale Crater soils (Rocknest), amorphous ferric sulfate phases could comprise between~6.8 and 9.4 wt % of the bulk soil or~15-30% of the amorphous fraction of the soil. This would account for most or all of the H 2 O and SO 3 , and~10-30% of the FeO in the amorphous fraction of the soil. This work was funded by the NASA Planetary Geology and Geophysics Program, under grant NNX12AO45G to A.D.R. and R.J.R. This research used resources of the Advanced Photon Source, a U.S. Department of Energy (DOE) Office of Science User Facility operated for the DOE Office of Science by Argonne National Laboratory under contract DE-AC02-06CH11357. Mössbauer spectra were kindly provided by Mount Holyoke's Mössbauer Spectroscopy Lab. We are grateful to Melissa Lane and our anonymous reviewer for the thorough and useful suggestions contained in their reviews. All spectral data collected as part of this work will be available at http://aram.ess.sunysb.edu/drogers upon acceptance of this publication.
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